Lip model plays an important role in virtual facial expression and speech simulation. However, the structures and movements of existing lip models are very simple, and the common motions such as protruding, pouting and sipping are failed to totally realize. In order to solve these problems, this paper presents a new double-layer muscle-controlled lip model. This method adopts the approach from anatomy to classify lip muscles into deep and superficial ones. The deep muscle is employed to control the corners of the mouth position and the size of mouth fissure. The superficial muscle is treated as a new arc muscle, and it uses catenary function to fix the parameters under different shrinkages and fit the process of protruding and sipping etc. The experiments show that the method can control the model flexibly and simulate some lip movements that accord with physiological motion characteristics.
INTRODUCTION
Virtual human face is an important part of the human-computer interface. Mouth is a rich region of the facial expression and movement. As the leader of the movement, lip also plays a crucial role. This has a broad application prospects in the field of virtual teaching pronunciation, virtual host, and virtual surgery [1] . Therefore, it has a very important significance to establish a higher realistic lip model and effective control.
On the basis of face model proposed by Parke [2] , Platt and Waters have adopted the approach from anatomy to establish the lips model [3, 4] , and achieved good results. In 2008, Chen et al. proposed a 3D muscle-controlled mouth model [5, 6] , which described the human face as a layered structure of entities. Such a model will treat the muscles controlling the lip movement as a single function of the sphincter, which was able to better control the size of gape. However, the lip motion was relatively simple. In 2010, through the establishment of a biomechanical equation, Zeng et al. proposed a muscle model based on the lips closed state orbicularis and driving method [7, 8] to achieve a simple convex lip effect, but failed to achieve other more complex lip movement, such as protruding and sipping. In 2011, Vahid Asadpour et al. proposed a method based on muscle characteristics extraction movement [9] , in which the parameters were referenced to the hidden Markov model. Utilizing the physiological characteristics of facial muscles, it theoretically was able to achieve a variety of movements. However, this method just established control theory, not yet achieved the simulation because of the amount of data and complex data processing.
Considering the apparent motions of lip due to the muscles contractions, in this paper, our method adopts the approach from anatomy to classify lip muscles into deep and superficial ones [10, 11] . The deep layer adopts the original sphincter control mechanism, which controls lip opening and closing, and superficial layer is treated as arcuate muscle. Taking its physiological motion feature into account, we establish the arc-shaped muscle model which adopts the catenary function to fit its motion feature and control protruding and sipping. The experiments show that the method can achieve protruding and sipping, besides, it contributes the further refinement of character expression and improves the realism and the expressive of virtual characters.
THE ANATOMICAL STRCTURE OF LIP
The physiological structure of human face is complex and hierarchical, respectively, skull, muscle layer, sarcolemma organization and external skin layer. Under the action of muscle contraction, skin generates tensioning, compression and wrinkle, thus the face is able to produce the expression. The expression of lip is controlled by some muscles that mainly include orbicularis oris, upper lip quadratus, levator anguli oris and depressor anguli oris. They are shown in Figure 1 . As the main muscle tissue, orbicularis oris controls many types of lip movements. Traditional muscle model only regards it as a single oval muscle [3, 4] , which can only control the size of the gape, but fail to show orbicularis oris complex physiological motion feature.
This article deeply analyses the anatomical structure of the orbicularis oris [9] , and further divides the orbicularis oris into two layers, the anatomy side schematic diagram is shown in Figure 2 . Deep sphincter surrounds mouth to control mouth position gape size, which lower edge connects with vermilion border, and superficial sphincter is located above the deep sphincter, they are separated by a layer of soft tissue. They can achieve some movements and expression by muscle contraction, such as the protruding and sipping.
DOUBLE-LAYER MUSCLE MODELING AND CONTROL

Deep Muscle Modeling and Control
Deep sphincter muscle can be regarded as an elliptical sphincter muscle, and it does radial contraction or stretch toward the elliptical center point [12, 13] . The attachment point of the mouth corners in natural closed initial state is X axis, the neutral point of two corners of attachment is origin O, the vertical direction to hair point is Z axis, so we can establish the left hand coordinate system, as shown in Figure 3 , where O is the center of deep sphincter, a and b represent respectively half of the length of long axis and short axis, q is the left corners of mouth, (x, z) is p point's 2D coordinate value [14] . Point p moves to point p′ along the radial motion, where p is any point of the influence area, we can obtain that:
where k is the muscle elasticity factor, r is the attenuation factor, and
Superficial Muscle Modeling and Control
According to the anatomy of lip, superficial muscle contains many muscle fibers around mouth. The upper lip is regarded a as rectangle sheet muscle model that is from nasal base to vermilion border, and the lower lip is also regarded as a rectangle sheet muscle model that is from vermilion border to mandibular depression part. When the corners of mouth contract or tense to two buccal sides, muscles will squash or tense. The corners of mouth natural raise or tense to both sides of the lip, this lead to realize the protruding and sipping. Due to the special muscular movement characteristics, we establish a new type of arc shape muscle model. When arc shape muscle did not bend, the initial state of lip model is shown in Figure 4 .
Arc muscle model control in XOY plane
Due to the dental ridge, the lip is slightly raised in the initial state (shown in the solid line in Figure 5 ). Through the measurement of key point coordinates in the experimental photographs, we get the coordinates of the lower left corner of mouth in the initial state, the value is (24.6, 0). We utilize the catenary function and transform the coordinates in order to fit the lips outer edge of the initial state:
where a 0 is the initial condition catenary uplift factor, the value is 22.2 mm, to control the catenary convex degree, H is the individual factor, namely, the distance between the corners of mouth and the highest point of lip outside. This value is different because of different person, where the experiment value is 15. lines Figure 5 ). The corners of mouth are subjected to the shape of the teeth, therefore, we can obtain the catenary function by fitting the tooth shape (i.e., initial state) as follows: (3) where γ is the thickness of lip.
Because of the large individual differences of tooth shape, we correct formula (3) by comparing with the experimental measured coordinates of the corners of mouth, thus formula (3) can be expressed as follows:
(4) Figure 6 shows the actual measurement curve and the calculated curve before and after the modified of the left corner of mouth. We can see that the modified model control curve is better able to meet the actual physiological motion feature.
When the muscle contracts ∆L. The left corner of mouth coordinate can be expressed as follows: x′ q = x q -∆L/2.
So we can get formula (5) by substituting formula (4):
While the corners of mouth arise, the corners of mouth always contact with the tooth, and meanwhile move to the Y axis. Besides, the space between the lip's inside and outside expands. According to formula (2) and 
where a i is the uplift factor of the lip's outside edge in different state of projection, i = 1, 2, 3, ..., n, β is the individual factor, β = 0.85 × (1-0.2 × ∆L/∆L max ), ∆L is the X axis direction shrinkage of the corners of mouth, ∆L max is the X axis direction maximum contraction of the corners of mouth. ∆L = 0 means the initial state of lip, β = 0.85. ∆L = ∆L max means the most raised state of the lip, β = 0.68. Now the coordinate of the left corner of mouth is substituted into formula (6), we can obtain that:
We can also obtain by the formula (7):
Using underminded coefficients method, we can compute ai in this state. Therefore, we can get the catenary fitting expression equation by coordinates of the corners of mouth after moving. The fitting situation is shown in Figure 7 . The control principle of lower lip is similar upper lip, so the derivation is similar, too.
Arc muscle model control in YOZ plane
The initial state of lip portion is slightly raised, just like the dashed line ( Figure  8 ) in YOZ plane (natural closed lip). Then A 0 is the key point of nasal base of the arc-shaped muscle, B 0 and C 0 are the boundary points of the vermilion lip, and C 0 also is the junction point of upper and lower lip. Due to muscle stretching and its associated characteristics, the key points coordinates that the arcuate muscle connected with the nasal base A 0 does not change during the process of protruding and sipping,. To facilitate the calculation and expression, we do the initial conversion during the muscle control, arcuate muscle A 0 does the clockwise rotation angle ϕ, and then the initial state is converted to the solid lines A 0 B 0 ′ C′ 0 D′ 0 in Figure 9 .
According to the principle of constant volume, the thickness T is related to the shrinkage of arcuate muscle. In the natural state, the volume of arcuate muscle is V = S × T. Where S is the bottom area, expressed as , where f(x), g(x) as follows: (8) When the lip bumps out, the bottom area becomes S′. Due to constant volume, we can compute T ′ at this time. When the mouth contracts, the lip will arise, the arcuate muscle stretches from the original
, and according to the actual lip angle, the arcuate muscle after stretching circles the central point A 0 and does the counterclockwise rotation angle θ, thus, we can get that the Z axis coordinates of the key points C i is 0, as shown in Figure 9 . The coordinates of point A 0 is (0, z A 0 ) in A 0 plane, A 0 is the nose base and its value is given. The coordinates of point C i is (y C i , 0) after the rotation, according
We can get the coordinates of the point C i : 
According to , we can get the coordinates of the point B i and D i : (10) When the lip is raised, namely, the rectangular arc muscle model circles some rotation angle, the vermilion border does not contract because of its own organizational characteristics, the arc muscle will be slightly raised due to driven.
EXPERIMENTAL RESULTS
According to the method, we establish the lip muscle modeling and control. Though the MATLAB simulation, table 1 lists the six different amount of shrinkage ∆L, lip presents coordinates of the left corners of mouth at different raised state factor and uplift factor a i . That fits the different projection state of the outer edge of the upper lip, as shown in Figure 10 .
First, we use polygon modeling to create 3D human head model in 3dsMax environment, including lip model. Then the Maxscript language can be used as the controller to drive the lip motions. So we simulate protruding and sipping of lip through the preparation of control equations. Figure 11 gives the movement sequence screenshot of protruding and sipping. As can be seen from the experimental results, under the control of the new arcuate muscle model, the effect of protruding and sipping is more realistic, and protruding will drive the sipping of the lip, so that the lips shows more natural movement. 
CONCLUSION
Lip model is the most important part of virtual facial expression and movement. The current lip muscle models that are not unable to achieve a variety of flexible action and expression are taken into account, this article proposes a new doublelayer muscle control lip model. According to anatomical principles and lip movement characteristics, orbicularis are divided into deep and superficial muscle model respectively, and we analysis superficial muscle in different plane control mechanism. According to the catenary function and the actual experimental data, we correct and fit the final simulation results to get a more realistic lip model. What's more, it is capable of simulating some lip movements, such as protruding and sipping of the lip and other movement and expression. Successor will further study to achieve the method of lip diverse expressions.
